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ABSTRACT

The results of numerical computations of the atomic absorption coefficients due to the elements C,
N, O, Na, Mg, Al, Si, Cr, Fe, and Ni are presented. The quantum defect method is used for the determina-
tion of the photo-ionization cross-sections except in the cases of Cr, Fe, and Ni For these metals, detailed
hydrogenic approximations are used owing to the inapplicability of the quantum defect method when
LS coupling is not valid These cross-sections are used to compute the atomic absorption coefficients for
temperatures ranging from 6 = 138 to 6 = 036, with an interval of A9 = 0 06, and a range in wave-
lengths of AX1033-59958. The random errors involved in the empirical determination of the quantum
defect are found to be comparable to the accuracy of the computed cross-sections estimated from com-
parisons with experimentally determined values. Finally, the relative importance of metal absorptions
irll radiative opacity is examined for the atmospheric conditions of the solar-type and other spectral
classes.

I. INTRODUCTION

Recent advances in the theory of stellar atmospheres are largely due to the construc-
tion of detailed model atmospheres in which the condition of flux constancy is maintained
with a high degree of accuracy. This, in turn, requires accurate knowledge of radiative
opacity throughout the entire region of the spectrum. Because of the constancy require-
ment imposed upon the total flux, errors in the opacity in a certain wavelength region
yield erroneous flux distribution with wavelength, not only in that region but also in
the other spectral regions. For example, the principal cause for the still-existing disagree-
ment between observations and the theoretically predicted variation of the solar con-
tinuum with wavelength appears to lie in the incomplete knowledge of opacity for the
ultraviolet continuum (Matsushima 19675, Matsushima and Terashita 1967).

In this respect, recent contributions are noted in the improved computations of ab-
sorption coefficients for H~ and other sources, such as (H + H), Hy*, Hy~, He™, and
Rayleigh scattering. However, the opacity due to those sources other than H~ and Ray-
leigh scattering appears to play a relatively minor role in stellar atmospheres (Mat-
sushima 1967¢), and the major difficulty remains the treatment of absorption due to
more complicated atoms. Absorption by metals is particularly important for the ultra-
violet continuum of solar-type stars and for various groups of hydrogen-deficient stars.

Laboratory measurements of photo-ionization cross-sections are available only for
several metals, and quantum-mechanical computations of accurate values for these com-
plicated atoms are formidably laborious. Thus, the metal absorption coefficients comput-
ed by means of the hydrogenic approximation by Vitense (1951) have been widely used
in the past years. However, comparisons with some of the recently determined experi-
mental values indicate that the hydrogenic approximation may be in error by an order
of magnitude or more in some cases.

In light of the above difficulty, a noteworthy contribution has recently been made by
Burgess and Seaton (1960), who developed a general method of calculating photo-ioniza-
tion cross-sections on the basis of the quantum defect theory. Application of this meth-
od for several metals by Peach (1962, 19670) has revealed that it generally gives much
better accuracy than the hydrogenic approximation in comparison with the values de-
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termined experimentally or by more accurate quantum-mechanical calculations. The
method of Burgess and Seaton is generally applicable for the configurations in which
LS coupling is valid, and it is sufhciently simple for application to a large number of
metals of astrophysical interest.

The purpose of this paper is to present the result of the use of the general formula de-
veloped by Burgess and Seaton for the computation of atomic absorption coefficients
for all the important metals and for a wide range of temperatures in order to facilitate
model atmosphere calculations requiring these opacities. Only for those atoms for which
LS coupling is not valid (i.e., Cr, Fe, and Ni) has the hydrogenic approximation been
applied.

II. QUANTUM DEFECT METHOD

The quantum defect method is the same in principle as the Coulomb approximation
of Bates and Damgaard (1949), which assumes that the major contribution to the transi-
tion integrals usually comes from the outer regions where the potential approximates a
Coulomb potential (Bates 1946¢, b). The quantum defect method was extended and
adapted to bound-free cross-section calculations by Seaton (1958) and Burgess and
Seaton (1960), and to free-free transition by Peach (1965).

Following Burgess and Seaton, if we consider an atom for which LS coupling is
valid, the quantum numbers may be designated as a SL for the atom and a”.S”L” for
the ion. Thus, the final state is denoted by «”.S”L”kl'S’L’, where S’L’ are the quantum
numbers for the complete system consisting of the ion and the ionized electron with
wave number % and angular momentum /', The normal selection rules apply, namely:
S'=S8; L'’=L, L+ 1; and /! =1+ 1. The photo-ionization cross-section for the
ionization of the %/ electron is given by

_4maas® v

o 3 En l’=zl:il

Czl' ‘ofo‘oPnz(f)szl(f)fdr 2, (1)

where a is the fine-structure constant; ao, the Bohr radius; Ex, the ionization potential for
hydrogen; P,i(r), the radial wave function for the bound #; electron; Gi-(r), the radial
wave function for the free kI’ electron; and the numerical factors, C;-, are due to inte-
grations over spin and angular coordinates.

For an atom in a particular atomic energy level, designated by the quantum numbers
nlSL, the effective quantum number, m, is defined by

m? = ZZEH/Ei = —1/6 y (2)

where Z is the residual charge on the ion and E; is the ionization energy of the particu-
lar level. The quantum defect, u, is then given by

w=n—m. 3)

The procedure given by Burgess and Seaton (1960) assumes that for a given spectral
series, the quantum defects can be approximated by a linear function of e = —1/m? as
p>=a + be . (4)

Thus, it is assumed that one may extrapolate for quantum defects, u', at positive
energies, or free states, by the relation

pe~a+ be’ ’ (5)
where € is given by
' hy 1 6
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The photo-ionization cross-section is then written in the form

47raao hv

g, = 2To0 ) 5 Crlgmien)|?, )

where g is the quantity which contains the transition integral and must be evaluated.
It should be noted that in general C;» and g are functions of L', and the summation in
the previous equation should be over L’ as well as I’ if the selection rules allow more than
one value of L’ for the transition from a particular level.

It is then assumed that the bound-state wave functions can be replaced by Coulomb
wave functions of principal quantum number 7, normalized such that

fPMZ(r)dr ~1. )

The radial wave functions for the free /' electron are then approximated by linear com-
binations of two Coulomb wave functions with the correct asymptotic behavior. Thus,
it is assumed that the radial transition integrals lead to a relation of the form

g(ml; €1) = f(ml; €V) cos wu'(€) — h(ml; €'V) sin wu'(€) . 9)
The functions f and % are then expanded in power series in ¢’ and evaluated by Burgess

and Seaton (1960). They find it convenient, however, to express the results in terms of
more smoothly varying functions, G and x, defined such that

G(ml; €l')

f(ml; €1) = V() cos w[m + x(ml; €l')] (10)
1y G(ml; ') . 37
h(ml; €1) = 7”%—7;0 sin w[m + x(ml; €1)] . (11)

Their results are summarized by the following equations for the determination of g:
G(ml; €1)

g(ml; €1 = (D) SO w[m 4 W' (¢) + x(ml; €1)] (12)

G(ml; &V) = (—1)HGu(m)(1 + € m2)~ 7™ (13)

x(ml; €) = xw(m) + +——— 1 _|_ 7 G + 1 _e*_mzmzﬁzz', (14)
2 9

§‘(ml) =1+ ﬁaﬂ(t’:) . (15)

The values of Gy, yur, xur, au, and By are given in tabular form and may be interpo-
lated for specific values of 7.

Burgess and Seaton (1960) compared the results of their calculations of photo-ioniza-
tion cross-sections using their general formula with determinations by other investi-
gators and with some experimental results. They found excellent agreement in most
cases, with larger discrepancies occurring only when the radial integral was sensitive
to small changes in the wave functions. A qualitative estimate of this sensitivity is given

by the term
cos ¢ = cos w[m + u'(¢) + x(ml; €1)]. (16)

This follows from the characteristics of the cosine function, the sensitivity being the
greatest when cos ¢ is near zero, since at this point the slope of the cosine is the largest.
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III. NUMERICAL PROCEDURE

In order to find the atomic absorption coefficient for a particular atom, it is neces-
sary to sum over the photo-ionization cross-sections for all the levels of the atom, namely,

= 3a)  exp [(E: — E)/RT], (7)

where g; is the statistical weight of the ith level; E;, the ionization energy from that
level; E,, the ionization potential of the atom; U,, the partition function; and a,(%),
the photo-ionization cross-section for the 7th level, which is given by equation (7).

It has been pointed out by Peach (1962) that it is generally necessary to use the Bur-
gess-Seaton method only for those levels for which I < 2 or 3, since for higher / values
the departure from a hydrogenic state is small enough to make the hydrogenic approxi-
mation reasonably accurate. Therefore, for such levels we have used the hydrogenic
approximation such that e, is given by

_ 3271'266.RZeff 29 Leff Zeff4 9
» = s = 2815 X 10 (cm?) (18)
where
Loii® = an,-/EH . (19)

In either case, the necessary data on the individual energy levels for each atom were
taken from Moore (1949) with the exception of silicon, for which the more recent work
by Radziemski and Andrew (1965) was used. While Moore’s data have been revised
also for some of the elements other than silicon, the errors due to the resulting differences
in u are found to be much smaller than the random errors involved in the empirical de-
termination of @ and b, except for silicon. Since a large range of temperatures is covered
in the present computations, individual values of the partition functions for each tem-
perature are taken from the tables by Drawin and Felenbok (1965). The lowest value
of AE, the lowering of the ionization potential, is chosen since this value corresponds to
an electron density which is as large as is found in the relatively cooler stellar atmosphere.

The contributions due to the highest energy levels near the series limit may be ap-
proximated by a procedure quite similar to that given by Unsold (1955). If we use the

approximation
PP g = 2U 1%2

for the statistical weight of a level, where U, is the partition function for the ionized
atom, and let A = 2.815 X 10?°; we have

Zu 203
V3 U 0
for the contribution to the atomic absorption coefficient due to the levels with » > N.

If N is sufficiently large, the summation may be replaced by an integral over the vari-
able, x = —1/#?% such that

aff Ul
U,

k/ = A

<N |
p (—E/kT) ;‘V%—s exp (EnZu/n2kT) (20)

kyl = A4 €Xp ( El/kT) f €xXp ( EHZeffo/kT)dx (21)

If the range of integration is extended to -+, then the free-free absorption is repre-
sented as well. Although Z. is actually a variable dependent upon #, if we choose N
large enough, the value of Z. will be fairly constant and we may write

B = A Zess? U1 kT [(EH off® —E1>/kT]. (22)

V
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For frequencies less than vy = EnZes?/AN?, the limit of integration, —1/N? itself be-
comes a variable, 1/N? = hv/EnZe:?, with the atomic absorption coefficient given by
Zeif Uy kT

r —
k” —A V3 U().EH

exp [(hv — Ey)/kT]. (23)

In the present calculations, the above procedure was used for » < 3 X 10" sec™
(9993 A) for all cases except iron and nickel. For these two metals, the large number of
levels and the lack of experimental values for energy levels nearer the series limit neces-
sitated lowering this criterion to » < 50 X 10 sec™? (5995 A). In this way the atomic
absorption coefficient is approximated for the very long wavelengths.

Thus, we note that the allowance for free-free absorption is based only on the hydro-
genic approximation given above. However, examination of the results given by Peach
(1967b) based on the more exact treatment (Peach 1965) indicates that in general the

(=3 MAGNES IUM
.65+~ SPECTRAL SERIES
ns 'S
160
7
.55
| ] |
150 -06 -04 -0.2 0.0
€
Fic 1.—Quantum defect for the Mg #s 1S series as a function of energy (e = —1/m?), with the value

of » indicated for each of the empirical points. Dashed line indicates the linear approximation for the
region near ¢ = 0 (cf. Fig. 3).

free-free contribution is very small for the region of main interest, i.e., A < 6000 A.
Furthermore, it should be pointed out that unfortunately it was necessary to use the
hydrogenic approximation entirely in the cases of iron, chromium, and nickel. This is
due to the fact that the quantum defect method can be applied only for atoms for which
LS coupling is valid.

In the case of the photo-ionization cross-sections for which the Burgess and Seaton
general formula is applicable, the first step is the determination of the constants in equa-
tion (4) for the approximation of the quantum defect for a particular spectral series.
This is carried out by determining the quantum defect, u, and the value of ¢ from equa-
tions (2) and (3). These empirical points are then plotted in order to determine a linear
fit of the form given in equation (4). An example of this for the ns LS series of magnesium
is shown in Figure 1, where the dashed line indicates the linear fit. Since we desire to use
the linear approximation for extrapolation to positive values of ¢, the region of the
curve most important for the determination is that near ¢ = 0.

For each level we then determine the values of the parameters Gu-, vu, xu, au,
and By by interpolation in the tables given by Burgess and Seaton (1960). Using these
quantities and the linear approximation for the quantum defects, we can determine the
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value of g(ml; ¢'l') from equations (12)—(15). Substitution of this value into equation (7)
leads to the determination of the photo-ionization cross-section.

IV. ACCURACY IN THE CALCULATIONS

Probably the most critical phase of the present method is the determination of the
linear approximation for the quantum defect. For some spectral series, the determina-
tion is quite well defined, as is the case for the Mg ns 1S series shown in Figure 1. Un-
fortunately, this is not the case for many spectral series. Figure 2 shows the situation
for the case of Ca np P, in which the large scatter of the empirical points in the plot
of i as a function of e makes the determination of a linear approximation very difficult.

L ] //
19— CALCIUM
SPECTRAL SERIES
np'P
//
17— —
/'/n =7
7
//
28 7
I'5 — e N=6 ]
13— —
n=5
°l | 1 | ! | |
-006 -0.04 -0.02
€

F1c. 2.—Same as Fig. 1 for the Ca np 1P series, except that the dashed line corresponds to the origina
determination of the linear approximation while the solid line is a redetermination adjusted for better
agreement with the experimentally determined cross-section for the Ca 4s 1S level (cf. Fig. 3).

In the initial calculations (Travis and Matsushima 1967), the linear approximation
was arbitrarily chosen to give the best apparent fit. However, it was subsequently de-
cided to modify some of these linear approximations within reasonable apparent limits
of the empirical points such that better agreement with several experimentally deter-
mined cross-sections could be obtained. Such is the case shown in Figure 2, in which
the dashed line corresponds to the original determination and the solid line is the revised
fit. The revised determination gives ¢ = 1.908 and b = 3.86, which leads to a value
of a, at the series limit for the Ca 4515 level of 1.19 X 10'® cm?, as compared with the
experimental value of 1.2 X 10'® cm? given by Hudson and Carter (1967). On the other
hand, the original determination (@ = 1.950, b = 7.72) yields a value of 0.49 X 10 cm?.

The linear approximations for the quantum defects actually affect a cross-section
in two ways. From the value of {(ml) (eq. [15]), there is a change in magnitude due to
the b coeflicient for the spectral series of the initial level itself, since

d
5;#(6) =b.
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However, this does not change the relative magnitude as a function of wavelength.
There will be a change in the relative magnitude of the cross-section as a function of
wavelength due to the factor, u’(¢'), in equation (12). In this case, u’(¢’) refers to the
extrapolated value for the spectral series corresponding to the ejected electron with
quantum numbers €7,

Although a cross-section may depend on several possible transitions (/' =1+ 1;
L' = L, L + 1), one particular transition generally dominates in the determination of
the total cross-section. Thus, since the modifications are determined as much as possible
by attempting to obtain agreement in both the magnitude at the series limit and the
dependence on wavelength, this may involve the adjustment of the linear approxima-
tions for one or two spectral series affecting a particular cross-section.

It should be noted that in order to stay within the spirit of the method, the modifica-
tions are made only within reasonable limits set by the scatter in the plot of u versus e.
Indeed, in some cases, such as the Mg 3p P level at A2515, there seems to be no justifi-
able modification, even though a discrepancy amounting to a factor of about 2 has been
noted between the calculated and experimentally determined cross-sections.

TABLE 1
COMPARISON OF VARIOUS COMPUTED CROSS-SECTIONS WITH EXPERIMENTAL VALUES*
Determination Na 3s 2§ Mg 3s 1S [Mg 3p 8P| Si 3p23P Si 3p2 1D Ca 4s 1S Ca 4p 3P
Original 0 141 113 19 9 17 8 15 3 0 49 23.4
Revised 0 138 115 19.9 39 2 350 119 62
Experimental 0 116% 1 181 45§ 37 33 1 24# 6.1%*
+0 012 +0 25 + 2 + 2 +0 14 + 03
Hydro. Approx. 6 38 470 73 44 49 4 41 6.38
* In units of 10718 cm?. I Rich (1967)

+ Ditchburn, Justum, and Marr (1953)
1 Ditchburn and Marr (1953)
§ Botticher (1958)

# Hudson and Carter (1967)
** Kelm and Schliiter (1962).

The particular cases for which experimental data are available and to which this
procedure has been applied are given in Table 1, which lists the series limit values of
the cross-sections for the original and revised determinations as well as the experi-
mental and hydrogenic approximation values. This provides an indication of the impor-
tance of the modifications and gives some insight as to the accuracy of the application
of the general formula of Burgess and Seaton. The cross-sections calculated originally
and the experimental values differ on the average by a factor of 2.2, whereas the revised
values differ by a factor of about 1.2.

Comparison between the experimental values and those determined with the hydro-
genic approximation shows quite clearly that, in general, the present computation is
far superior, even without modification. This can be seen in Figure 3 as well, in which
we show the comparison between the present calculations (solid lines), hydrogenic ap-
proximation values (dashed lines), and the experimental determinations (dotted lines).
It should be noted that for the Na 3s2S cross-section, a change in scaling is necessary
in order to show the hydrogenic approximation, which is in error by about a factor of 55.

After the major portion of the present calculations had already been carried out, a
revised general formula was given by Peach (1967a) after recomputation of the radial
integrals, and it was suggested that this should lead to more accurate results for the
cross-sections from highly excited states of atoms and for those cross-sections which
are sensitive to small changes in the wave functions. Using this revised formula, Peach
carried out for some of the atoms considered here calculations similar to the present ones.
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At the same time, Peach tabulated the values of the coefficients in the linear fit for the
determination of the quantum defect, i.e., the values of ¢ and b defined by equation (4).
These values are found to be considerably different in some cases from the correspond-
ing values determined independently by the present authors, indicating the uncertainty
involved in the empirical fit. Hence, these data provide an opportunity to examine the
errors due to the empirical procedure by comparing the cross-sections resulting from
different choices of ¢ and . A similar comparison of the cross-sections obtainable from
the two general formulae with the use of identical @ and b values would also yield some
insight into the range of errors due to the empirical determination of the quantum de-
fect as compared with the improvement due to the revised formula by Peach.

Thus, the comparison is made by calculating the values of @, at the series limit for
carbon, silicon, and aluminum for the following three separate cases; (1) using the revised
formula with the values of @ and b given by Peach; (2) using the same revised formula
but with the values of ¢ and & determined independently by us from the same energy

A(A)
2400 2000 1700 1600 1350 1250 2500 2350 0
| T T T i T T
2 \ ' p
N Na 3s“S \ Mg3s S 3 Mg 3p°P
6\ (ad2) -1 4 N (Al21) —| 40F% (A2515) ]
AN AN .
N \\\
4 ™~ - 3 S - 30" .
\\ ~ .
~ \\ %
\\\ N 0
21 = 2 N 20 -
\\ \\ \
~ ol l - of =
o [ ——
s ————
S . —-
© 00 l ...l.q...l... | | |
P 005 o0l o0l5 0025 005 0075
€ 1500 1300 1200 2000 1700 1500 2900 2600 2300
Z l T
B A 3 3
o Sizp2°P Caap P
O rass.,, (AI518) 8- (x2937) 7
30 ' 6 R~ .
AR
. \\
201 - a4l ~—
.. \\\
= . 2 %, —
o T s nis N o ! |
005 0I0 0.5 005 o0J0 oI5 0025 005 0075

el
Fic 3 —Comparison of the photo-ionization cross-sections for the six indicated levels between the
present calculations (solid line), the experimental determinations (dofted line), and the hydrogenic ap-
proximations (dashed line). Note the change in scaling used in the case of Na 3525 in order to show the
hydrogenic approximation (cf. Figs. 1 and 2).
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level data adopted by Peach; and (3) using the same values of ¢ and & as in (2) but
employing the general formula of Burgess and Seaton. Denoting the resulting three
different values of the cross-section by @,(1), @,(2), and a,(3), respectively, a comparison
between a,(1) and @,(2) indicates the errors introduced due to the difficulty in the
empirical determination of ¢ and 4. On the other hand, a comparison between a,(2)
and a,(3) indicates the difference between the two general formulae. These calculations
are performed for the forty-four states belonging to the three atoms mentioned. It should
be pointed out that this includes all the levels of these three atoms for which the general
formula is applied in the present computations.

The comparison of the result of the above calculations is shown in Figure 4, where
the logarithm of the ratio of ¢,(2) to a,(3) is plotted against the corresponding ratio of
a,(1) to a,(2). It is found that, on the average, the values of 4,(1) and ¢,(2) differ by

051 T T T T ] T T T T T T
a2
- Iog a,mg) -
[ ]
° [ J
o ® ° ° o ¢
0 EN oo "“.‘* s o
[ ]
- [ ] { ~ [ ] .
~ —loga 25
- 1 ! | | | ] ] ! l ! ]
—O‘\) _0-5 O 0'5

Fic. 4.—Comparison between the effect of different choices of the values of ¢ and b and the differences
between the general formula of Burgess and Seaton (1960) and that given by Peach (1967a).

about a factor of 1.81 whereas those of a,(2) and «,(3) differ by about 1.09. This is
shown in Figure 4 by the much larger horizontal scatter than that in the vertical direc-
tion. In fact, the difference between the original formula by Burgess and Seaton and
that by Peach is found to be generally less than 10 per cent, which appears to be much
smaller than the random errors introduced in the empirical determination of the values
of @ and b. Thus, we conclude that the inherent difficulty in the empirical determination
of the quantum defect is the limiting factor in the use of either general formula. For this
reason, it is felt that the improvement in the general formula does not warrant a recom-
putation of the cross-sections presented in this paper.

It should be mentioned that new energy level data are available for some of the atoms
considered here. However, the determination of the linear fit for the quantum defect
is in no case affected by an amount more than the inherent uncertainty in the empirical
determination, with the exception of silicon for which one level in the new data has a
revised spectral term classification. This leads to large revisions, and the newer values
are therefore used as previously indicated.
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Finally, it is noted that the apparent average effect of the use of different values of
a and b in the above comparisons is about the same as the estimate of the accuracy
based on comparisons with experimentally determined cross-sections. Thus, it seems
reasonable to assume that the value of the cross-sections computed by means of the pres-
ent method will be accurate, on the average, to within about a factor of 2 or 3, and that
this is probably the limitation on the method due to the uncertainty in the empirical
determination of the linear fit for the quantum defect.

V. RESULTS

By using the procedure outlined in the previous section, the photo-ionization cross-
sections were determined and used to find the atomic absorption coefficient for the neu-
tral metals: carbon, nitrogen, oxygen, sodium, magnesium, aluminum, silicon, calcium,
chromium, iron, and nickel. The atomic absorption coefficients were calculated for eight-
een temperatures ranging from 6 = 1.38 to @ = 0.36, with an interval of A8 = 0.06.
The results are given in Table 2, where the logarithm of the atomic absorption coefficient
per neutral atom in units of 10~ cm? is tabulated for each temperature and a range
of wavelengths of AX1033-59958. Discontinuities at the series limits are indicated by
two successive values of the absorption coefficient for the same wavelength, or wave-

1200 2000 3500 5500 8500

l l I l

Log A (R)

Fic. 5.—Logarithms of mass absorption coefficients for the individual metals for a solar abundance
(Goldberg et al. 1960). The conditions, 8 = 0.9 and log P, = 1.0, are chosen to correspond roughly to
Ts000 ~ 05 for a solar-type star. The individual absorption peaks are labeled to indicate the various
metals, and the absorption due to H™ is included for comparison.
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lengths separated by only 1 A. Considering the probable accuracy in the values, linear
interpolation in both  and A should be sufficient.

An indication of the relative importance of the atomic absorption coefficients for the
individual metals is given in Figure 5, where the logarithm of the mass absorption coeffi-
cient for each individual metal is shown for the case of the solar abundances by Gold-
berg, Miiller, and Aller (1960). The conditions of § = 0.90 and log P, = 1.0 corre-
spond roughly to 75000 ~ 0.5 for a solar-type star. For comparison, the H~ absorption,
which was computed by using an approximation polynomial given by Matsushima
(1967a), is also shown. It is readily apparent that for the short-wavelength side of the
Mg 3p°P series limit at A2515, the absorption will be due largely to silicon, carbon,
magnesium, and aluminum. Just to the long-wavelength side of this limit, the metal
absorption seems to be dominated by the many levels of iron, for which we were un-
fortunately forced to use only the hydrogenic approximation.

Finally, in Figure 6 we show the total mass absorption coefficient due to the neutral

1200 2000 4000 1200 2000 4000
cl
6:060 Log Pe=25 ¢ 9:072 Log Pe =20

0=102 Log Pe =05

31 32 33 34 35 36 31 32 33 34 35 36
Log A ()

F16. 6 —Comparison of the total mass absorption coefficient (log values) due to the metal,
line), the absorption due to H~ (broken line), Rayleigh scattering (dashed line), neutral H bour
(solid line), and Hyt (dashed-broken line) for six sets of 6 and log P, corresponding roughly to 75000 < -
for main-sequence models with 7, = 8400°, 7200°, 6300°, 5800°, 5040°, and 4200° K.
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metals for six cases using the solar abundances again. Each combination of # and log P,
is chosen so as roughly to represent the values of T and P, at 75000 ~ 0.5 for a main-
sequence star with the effective temperature of 8400°, 7200°, 6300°, 5800°, 5040°, and
4200° K, respectively. The value of the H~ absorption has again been indicated as well
as the absorptions due to Hst, Rayleigh scattering, and neutral hydrogen. The Rayleigh
scattering coefficient is computed by using the polynomials given by Dalgarno and
Williams (1962) for scattering from molecular hydrogen and by Dalgarno (Gingerich
1964) for scattering from atomic hydrogen. For the absorption due to the Hy* ions, we
used the polynomial approximation given by Matsushima (1967¢).

The larger peaks in the metal absorption curve are labeled to indicate which metal
is responsible for the discontinuity. The expected decrease in importance of the metals
with the lower ionization potentials as the temperature increases is quite apparent, with
the curve almost completely dominated by carbon, silicon, and magnesium at the high-
est temperature.

VI. SUMMARY

In this paper we have attempted to give a fairly accurate and comprehensive account
of the continuous absorption coefficients due to neutral metals. The results are tabu-
lated in the accompanying tables. While there is certainly much left to be desired with
regard to the accuracy of computed photo-ionization cross-sections, it remains doubtful
that experimental determinations for such a large number of levels and atoms will ever
be possible for a complete account of the total absorption. In any case, the present values
should certainly be superior to those obtainable from the hydrogenic approximation.

The authors wish to thank a referee of this paper for his useful comments which led
us to evaluate the accuracy of the present results more quantitatively. This research
was supported in part by the National Science Foundation under grant NSF-GP8058.
The earlier part of this investigation was carried out at the University of Iowa before
the authors moved to the present address, and it consisted of a portion of the M.S. thesis
of L. Travis submitted to Towa in June 1967. That portion of the work was supported
by NSF-GP4742 and by a NASA graduate traineeship held by L. Travis.
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